ABSTRACT
Phospholipase D (PLD) catalyzes the hydrolysis of phosphatidylcholine (PtdCho) in response to various external signals, including many growth factors (for review, see refs. 1 and 2). The mechanism of this enzyme activation has attracted considerable attention because the reaction may generate several lipid messengers or mediators such as diacylglycerol for transmembrane control of intracellular events (for review, see refs. [3] [4] [5] . Phosphatidic acid, an immediate product of the PLDcatalyzed reaction, is proposed to serve as a mitogenic signal by itself (3) . It is also suggested as a direct activator of protein kinase C (6) and phosphatidylinositol 4-kinase (7) or an inhibitor of GTPase-activating protein (8) . PLD is associated tightly with particulate fractions, most likely membranous structures. With various assay methods, such as those with endogenously labeled phospholipids or with exogenously added radioactive phospholipids as substrates, attempts have been made to obtain cell-free preparations of PLD from several tissues and cell types, and the roles of GTP-binding regulatory proteins (G proteins) and protein phosphorylation in the activation of this enzyme have been proposed (for review, see refs. 9 and 10). It has recently been reported that in a cell-free system membrane-associated PLD is activated by small G proteins, such as ADP-ribosylation factor (11, 12) , Rho (13, 14) , or both (15) . The enzymatic activity observed in cell-free preparations thus far obtained is, however, extremely low. An inhibitory protein factor has been recently found in bovine brain cytosol (16) . Due to the complexity of this enzyme regulation and to the lack of an appropriate assay method of the enzyme, the mechanism of this enzyme activation has not been clarified.
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Studies in this laboratory have found that mammalian PLD associated with membranes of various tissues and cell types is nearly in a latent form but exhibits enormous enzymatic activity in high concentrations of ammonium sulfate, while maintaining its properties to respond to guanine nucleotide and a cytosol fraction that contains small G proteins including ADP-ribosylation factor. Such enzymatc activity is enhanced -2-to 3-fold by the addition of ATP. A s ugh the mechanism of this salt effect remains unclear, ! eport will describe some kinetics of the PLD activation to Iitate further studies on the detailed properties, as well as th miolecular mechanism, of the signal-induced activation of mi nimalian PLD. clarified by centrifugation for 30 min at 100,000 x g and subjected to gel filtration (Superdex 200, Pharmacia) with buffer A. The fraction capable of activating PLD in the presence of GTP[-yS] appeared as a nearly single peak and was used as cytosol factor.
MATERIALS AND METHODS
PLD Assay. The enzyme activity was assayed by measuring the formation of radioactive PtdEtOH by phosphatidyl transfer reaction of 14C-PtdCho to ethanol as described (17) . The reaction mixture (100 p,l) contained 2 ,umol of HepesNaOH (pH 7.4), 2 nmol of 14C-PtdCho (13, 750 (21) Pellet (100,000 x g) 975 14.0 (39) Supernatant (100,000 x g) 22 1.0 (3) Subcellular fractions of rat kidney were prepared as described. Each fraction (50 ,tg), saturated amount (100 ,g) of cytosol factor, ammonium sulfate (1.6 M), and GTP[yS] (100 ,uM) were assayed for PLD activity. Result is representative of three separate experiments done in duplicate. *Specific activity and total activity of PLD from 1000 x g and 100,000 x g pellets were underestimated because of endogenous phospholipids.
and this salt and GTP[,yS] were synergistic with each other for PLD activation (Fig. 1) (Fig. 2) . Neither GTP, ATP, nor aluminum fluoride was capable of substituting for GTP [-yS] , consistent with the previous observations (11) (12) (13) (14) (15) that small G proteins are needed for PLD activation.
Adenine Nucleotides. The PLD activation by cytosol factor, GTP[,yS], and ammonium sulfate was enhanced further by ATP addition (Fig. 3) (Fig. 4) . The liver and thymus contained significant quantities, but the enzyme activity in the brain and lung was very low. Under the assay conditions described in the present report, the specific activity of PLD in particulate fraction from kidney was 4.1 nmol/min per mg of protein. Although the mechanism of action of ammonium sulfate remains unknown, it is clear that PLD is ubiquitously distributed among various tissues. Unlike previous observations, the spleen and kidney are the richest sources, whereas the lung and brain show low enzymatic activity.
DISCUSSION
In mammalian tissues two types of membrane-associated PLD have been reported: one is dependent on oleic acid (21) (22) (23) , and the other is activated by small G proteins (11) (12) (13) (14) (15) . In the present studies, the addition of oleate showed no effect. It is presently unknown whether the oleate-dependent PLD activity is low in rat tissues or oleate effect is masked under high concentrations of ammonium sulfate.
In the presence of GTP[-yS], ATP plus Mg2+ enhanced further PLD activity (Fig. 4) . It has been reported that PLD may be activated by stimulation of the purinergic receptor (24, 25) . The effect of ATP observed in the present study, however, is likely mediated through protein phosphorylation, because (26) .
